Molecular dynamic simulation is used to investigate the influence of cluster size and cluster incident energy upon a Cu-Co magnetic film produced using the ionized cluster beam deposition process. The Co-Co, Cu-Cu, and Cu-Co atomic interactions are modeled using the many-body, tight-binding potential method, and the interface width is used to characterize the surface roughness properties at both transient and final state conditions. The results of this study indicate that the surface roughness of the deposited magnetic film is lower when a smaller incident cluster size is used. This observation is valid for all stages of the deposition process. Furthermore, it is determined that the nature of the relationship between cluster size and the produced film surface property is influenced by the cluster incident energy parameter. When the cluster incident energy is lower than an optimal value, it is observed that the produced film surface property is strongly dependent on the cluster size. However, when the value of the cluster incident energy falls between this optimal value and a critical cluster incident energy value, the correlation between cluster size and surface roughness is not so pronounced. Finally, when the cluster incident energy is higher than the critical value, it is noted that there is no significant relationship between cluster size and the resulting film surface property.
I. INTRODUCTION
The main advantages of the ionized cluster beam deposition ͑ICBD͒ process over the conventional deposition processes include the generation of highly energetic deposited atoms which are accelerated into impact on the substrate by means of an applied bias, and the ability to adjust the number of atoms within the incident clusters. 1 The latter point is particularly important. Compared to the impact of a single incident atom, when a cluster of atoms impacts on the substrate surface, a series of multiple collisions takes place, and this improves the lateral mobility of the atoms across the substrate surface. 1 These two main characteristics of the ICBD process render it particularly suitable for the growth of films on substrates which are difficult-to-coat using other deposition techniques; even when the substrate temperature is low. 2 The ICBD process allows for the adjustment of both the incident energy and the cluster size, and so it may be used for a broad range of applications, including surface modification 3 and cluster fusion. 3, 4 However, an implication of this flexibility is the need to provide sophisticated process parameter control mechanisms which can ensure optimal process performance for specific applications. It is well known that the ICBD process has been utilized successfully in the production of a variety of metal and polymer films for many semiconductor applications. However, in order to ensure a satisfactory surface quality of the produced films, there is a strong requirement to fully understand the precise influence of the two primary process parameters, i.e., incident energy and cluster size, on the produced film surface roughness.
An analysis of existing literature shows an abundance of material relating to the use of molecular dynamics ͑MD͒ simulation to study various aspects of the ICBD process. It is possible to classify these studies approximately by considering the value of incident energy adopted within each study, i.e., cluster impacts which occur at a lower level of incident energy ͑low energy cluster beam deposition, [5] [6] [7] [8] [9] [10] [11] and cluster impacts at a higher level of incident energy ͑high energy cluster beam deposition. [12] [13] [14] At a lower level of incident energy, the impact of the cluster on the substrate may be considered to be quite gentle, and the main deposition characteristics of concern are cluster spreading behaviors and cluster or surface reconstruction mechanisms. On the other hand, at higher cluster incident energies, craters are usually formed on the substrate surface, and fracture mechanisms tend to be the principal area of interest. The observed phenomenon of deposited atoms becoming embedded within the substrate atoms is usually the result of their highly energetic impact. It is to be noted that the embedding phenomenon noted in the current article is different from the burrowing effect which occurs over a much longer period of time, and which is reported in other recent studies. [15] [16] [17] In the latter cases, this phenomenon is caused by capillary forces which arise due to the large difference between the respective atom surface energies, e.g., Co/Ag and Co/Cu. One aspect common to all of these studies is that they concern themselves chiefly with the dynamic behaviors of a single cluster interaction with the substrate, or with the interaction which occurs between an incident cluster and a cluster which was deposited previously. Although examining the dynamic behavior of a single cluster is certainly helpful in developing a deeper insight into the ICBD process, certain quantitative properties contributed by the significant dynamic behaviors of individual clusters, e.g., film surface roughness, are not explored.
In a closely related study, Müller 18 investigated the morphology of a film comprising several layers formed by successively deposited clusters. The Lennard-Jones potential was used to simulate a two-dimensional cluster beam deposition. However, the focus of his research lay on the local heating, atomic rearrangement, relaxation, and recrystallization of a cluster. Haberland et al. 19 adopted the embedded atom method ͑EAM͒ to study thin film growth for energetic cluster impacts. Their simulation results indicated that the film surface property was dependent on the impact energy of the cluster. This conclusion is verified by experimental results. Kelchner and DePristo 20 also adopted a MD simulation based upon the simplest form of corrected effective medium theory to investigate the roughness of Cu and Pd films grown on a Cu͑001͒ and Pd͑001͒ surface, respectively, for low energy cluster deposition. Their simulation considered cluster sizes of five and 10 atoms/cluster in addition to single deposited atoms. In their research, it was found that thin films grown by the deposition of larger clusters tended to be rougher than those produced by smaller clusters. More recently, Kang 21 employed a hybrid analysis in which a MD technique was followed by the Metropolis Monte-Carlo method to obtain the simulation result for cluster deposition. They concluded that the spreading of a cluster was a function of both its size and its initial energy, and that an epitaxial surface film property would be produced provided that the energy of the impact cluster was sufficient to cause local melting around the impact point.
Although it has often been stated in published literature that cluster size and cluster incident energy have a significant influence on the surface film property, a thorough quantitative analysis of the precise relationship between these parameters and surface roughness has never been presented. Therefore, the objective of this article is to carry out such an investigation. MD simulation is used to model the deposition of Co clusters on a Cu substrate by the ICBD process. The many-body, tight-binding potential model is employed to simulate the atomic interaction which takes place, i.e., CoCu, Co-Co, and Cu-Cu. The interface width is used as a measure of the deposited film surface roughness property at both the transient state and the final state. The simulation results are then used as a basis for determining the relative influences of cluster size and cluster incident energy on the produced film surface property. Figure 1 presents a schematic representation of the Co cluster deposition on a Cu͑001͒ substrate in the ICBD process. The current simulation involved clusters of different sizes, i.e., between 4 and 68 atoms. The cluster is generated by cutting a sphere from a fcc bulk crystal in its equilibrium state. The velocity of the individual atoms within the cluster is dependent upon the particular incident energy specified. The velocities of individual atoms within the cluster are manipulated according to their incident energy and atomic mass. The incident energies of the deposited atoms in the direction of the substrate surface lie within a range of 0.1-5 eV/atom, and the ambient temperature of the cluster/ substrate system is assumed to be 300 K. For simulation purposes, it is generally assumed that the deposition process only proceeds once the complete system has reached the equilibrium state, i.e., 300 K in this case. In this state, the cluster and substrate atoms all undergo a thermal random motion. However, a simplified treatment is usually adopted for the cluster atoms when their incident energy exceeds their thermal equilibrium energy ͑i.e., 3kT/2, where k is the Boltzmann constant and T is the absolute temperature͒, i.e., in these cases, their random thermal energy is neglected. In other words, it is assumed that the incident atoms have not attained their equilibrium state. 22, 23 This assumption is equivalent to setting the cluster temperature to 0 K. In the current simulation, this simplified treatment is adopted for all clusters other than those with the smallest incident energy of 0.1 eV. One further important assumption made in the current study is that the effects of long-term, thermally activated surface adatom migration between cluster impacts are neglected. The current MD simulation adopts an uncharacteristically high deposition rate of 8 atoms/ps, and so the results are only concerned with the short-term collision-induced mobility of the surface atoms rather than long-term surface diffusion. In other words, the current simulation results are only valid when surface adatom migration between ion impacts is negligible. If the effects of thermally activated adatom migration are to be considered, then additional modeling techniques needs to be introduced. Reference 24 presents one such study in which the kinetic Monte Carlo model was integrated with MD simulation in order to study both the short term collision-induced mobility effects and long-term surface diffusion for an experimental deposition rate of 0.01-1 monolayer/s.
II. SIMULATION MODEL
It should be noted that the distance at which the cluster is deposited from the substrate is much larger than the truncated distance of the atoms. This is to prevent the incident atoms from interacting with the substrate atoms prior to impact, and represents the fact that in practice the atoms rarely interact with each other prior to reaching the substrate due to the distribution of atoms in a vacuum. In the current simulation, the deposition distance of the cluster is chosen to be 20 times the truncated distance, while the second-neighbor distance is set to be equal to the truncated distance.
The substrate is modeled as a ten-layered structure having 1250 atoms within each layer, and with dimensions 9.07 nmϫ9.07 nmϫ1.8 nm ͑i.e., lengthϫwidthϫheight͒. The lowest layer of the structure is fixed in order to prevent the substrate atoms from shifting. Accordingly, energy transfer from the incident atoms to the substrate is assumed to occur only within the upper nine layers. The velocities of the atoms in the four layers above the fixed layer are modeled by the Maxwell-Boltzmann's distribution, which is rescaled at each time step, depending upon the substrate temperature adopted in the simulation. In the current simulation case study, the substrate temperature is taken to be 300 K. These layers are used to control the energy transformation from the top layers of the substrate to the bottom layers, and are therefore usually referred to as the thermal control layers. In order to minimize the effects of impact energy reflection from the bottom of the substrate, the thermal layer is specified to consist of four layers, and different time intervals are adopted between two subsequently deposited clusters. The variable interval is not the result of a rigorous theoretical derivation, but rather it is merely adjusted such that a constant deposition rate is maintained for each simulation, regardless of the cluster size. In other words, the time duration between cluster deposition is longer for larger cluster sizes than for smaller sizes of cluster. A periodic boundary condition is applied in the x and y directions, and an open boundary is imposed in the z direction.
The tight-binding second moment approximation ͑TB-SMA͒ many-body potential model is employed to simulate the interatomic force between the atoms. The main difference between the many-body potential model and a pairwise potential model is that the interaction between two atoms is considered to depend not only on the two atoms themselves, but also upon their local environment. The prediction of some properties by the TB-SMA method has proven to be more accurate than those obtained with the EAM method. Moreover, the computing algorithm associated with the TB-SMA method is simpler than that which is used within the EAM method. The model commences by summing the band energy, which is characterized by the second moment of the d-band density of state, and a pairwise potential energy of the Born-Mayer type, 25 and is expressed as follows:
where is an effective hopping integral, r i j is the distance between atoms i and j, and r 0 is the first-neighbor distance. The parameters A, p, q, and are determined by the experimental data of cohesive energy, lattice parameter, bulk modulus, and two shear elastic constants ͓C 44 and CЈ ϭ1/2(C 11 ϪC 12 )], respectively. Furthermore, the interaction force on atom i is given by the following:
͑2͒
The parameters of the tight-binding potential relating to Cu and Co which are used in the current simulation are listed in Table I . 26 The simulation adopts the Gear's predictorcorrector algorithm 27 to calculate the trajectories of the atoms.
Finally, the interface width R 28 -30 is defined as the root mean square roughness of the surface atoms on the exposed layers, and is used to quantify the variation of surface roughness. The interface width is calculated as follows:
where N j is the net number of exposed atoms which are either stationary or migrating in layer j at a specified time step, jϭ0 corresponds to the top substrate layer, Z represents the mean height of the film surface, and Z j gives the height of the exposed atoms. It is noted that the calculation of the interface width, R, is based upon a dimensionless coordinate, Z, which is defined as the z coordinate divided by the Cu first-neighbor distance r 0ϪCu , i.e., Z(ϭz/r 0ϪCu ). A similar approach is used to define the dimensionless substrate dimensions of length, width and height, which are shown in Fig. 1, i. e., 35.5ϫ35.5ϫ7.1. 
III. RESULT AND DISCUSSION
A series of simulations were conducted in order to determine the relative influences of cluster size and cluster incident energy on the film surface roughness for the ICBD process. The simulations considered values of incident energy per atom in the range 0.1-6 eV/atom, and clusters of size between 4 and 68 atoms/cluster. As stated previously, the deposition rate was maintained at a constant value of 8 atoms/ps for each simulation and the substrate temperature was regulated such that is remained at a constant value of 300 K.
A. Transient behavior

Incident energy effect
Figures 2͑a͒ and 2͑b͒ show the relationship between transient interface width and incident energy per atom for two different cluster sizes, i.e., 44 and 4 atoms, respectively. Inspection of Fig. 2͑a͒ shows that the variation of interface width with incident energy exhibits two distinct behavioral characteristics, namely that it decreases as the incident energy increases from 0.1 to 1 eV/atom, ͓as shown in the left side of Fig. 2͑a͔͒ , but increases as the incident energy rises from 2 to 5 eV/atom, ͑as shown in the right side of the figure͒. A similar result is also observed for the smaller cluster of four atoms shown in Fig. 2͑b͒ . However, a comparison of the two figures shows that the variation in interface width with changes in incident energy is not so significant for the smaller size cluster. Additionally, it is noted that the magnitude of interface width produced by the smaller cluster size is smaller than that which is produced by the larger size of cluster. Therefore, it can be stated that the use of smaller cluster sizes will generate films with better surface properties than those obtained with large cluster sizes.
The nonmonotonic dependence of the interface width on the increase of incident energy for both cluster sizes indicates the presence of an optimal incident energy for a specific cluster size. Referring back to Fig. 2͑a͒ , it is observed that the rate of surface roughness increase, i.e., the slope of the transient interface width, exhibits different values for the two different incident energy ranges. A comparison of the left and the right side of Fig. 2͑a͒ shows that a higher rate of surface roughness increase is found when the incident energy lies within the range 2-5 eV/atom than when the incident energy falls between 0.1 and 1 eV/atom. Similar results are also obtained for the smaller cluster size shown in Fig. 2͑b͒ .
Finally, it is observed in the left side of Fig. 2͑a͒ that the rate of interface width increase for lower incident energies comprises two stages, i.e., a rapid increase followed by a gradual leveling out as deposition continues. This compares to a uniform increase in interface width when the incident energy falls within the higher energy band. This indicates that when the incident energy is lower, the increase in surface roughness is higher during the initial phases of the deposition process. This issue will be discussed in more detail in Sec. III C later.
The transient behavior of the interface width of Figs. 2͑a͒ and 2͑b͒ shows that it is strongly dependent on the incident energy range.
Cluster size effect
Figures 3͑a͒ and 3͑b͒ show the transient interface width for different cluster sizes at incident energies of 0.5 and 3 eV/atom, respectively. The results indicate that cluster size has a significant influence on the evolution of surface roughness. For a specific incident energy, the rate of surface roughness increase is dependent upon the cluster size. For example, in Fig. 3͑a͒ the interface width for a relatively small cluster size of four atoms increases slowly and then appears to reach a saturation value as deposition continues. For larger cluster sizes, it is observed that there are difference in both the magnitude of the interface width, and the rate of interface width increase. However, a common feature to clusters of all sizes is that the surface roughness increases most rapidly during the initial stages of the deposition process.
At the higher incident energy shown in Fig. 3͑b͒ , it can be seen that the interface width increases almost linearly for clusters of all sizes apart from those comprising 4 and 16 atoms, i.e., the two stage rate of interface width growth identified previously for lower incident energies is not apparent in this case. This indicates that surface roughness behavior depends both upon the level of incident energy and the cluster size. Furthermore, it is noted that surface roughness exhibits a monotonic dependence on cluster size, compared to a nonmonotonic relationship with incident energy. The results indicate that a better film surface property will be achieved for clusters comprising fewer atoms.
Despite the different relationships between surface roughness and cluster size for different incident energies, the current results shown in Figs. 3͑a͒ and 3͑b͒ are qualitatively consistent with the former MD simulation results presented in Ref. 20 , which concluded that a rougher surface will be produced when a larger cluster size is used for deposition.
B. Final state comparison
In this subsection, a total of 48 cases were examined in order to investigate the influence of incident energy and cluster size on the final surface roughness ͑i.e., at final state conditions͒. The ''final state'' of the simulation was defined as being the state of the simulation results once a total of 6250 atoms had been deposited. This represented the addition of five monolayers of film atoms to the original substrate. Figure 4 shows the interface roughness at final state as a function of the incident energy per atom for different cluster sizes. The relationship between the magnitude of the interface and the cluster size at final state is observed to be similar to that identified under transient conditions, i.e., the interface width increases as the cluster size increases. This figure also clearly demonstrates the variation of interface width with changes in incident energy for a specific size of cluster. Inspection of the figure suggests that the degree of dependency between interface width and incident energy per atom is stronger when the cluster size is large. It is also noted that there appears to be optimal value of the incident energy for each specific cluster size at which the interface width is a minimum. The value of this optimal energy may be obtained via data interpolation, and is indicated in Fig. 4͑a͒ by the bold dashed line.
In order to further investigate the role of incident energy, the variation of interface width is also plotted against the total incident energy of a cluster, rather than against the incident energy of individual atoms within that cluster. The results are presented in Fig. 4͑b͒ . It is found that the interface surface roughness is more sensitive to changes in the total cluster incident energy than to the incident energy of individual atoms within a cluster, i.e., the rate of change of interface width shown in Fig. 4͑b͒ is more dramatic than that observed in Fig. 4͑a͒ . Furthermore, it is worthy of note that the interface width for clusters of different sizes asymptotically approaches a common curve when the value of cluster incident energy is greater than approximately 75 eV. Henceforth, this value of cluster incident energy is referred to as the critical cluster incident energy. This observation indicates that the variation in interface width is independent of the cluster size once the total incident energy of the cluster is greater than the critical incident energy value. As before, the bold dashed line shown in Fig. 4͑b͒ represents the optimal value of cluster incident energy for clusters of different size. A careful inspection of Fig. 4͑b͒ identifies three regions of interface width variation behavior. The first region is where the cluster incident energy is less than the optimal cluster incident energy. In this region, the variation of interface width with changes in incident energy is dependent upon the cluster size, i.e., interface width behavior in this region is dominated by cluster size. In the second region, which occurs when the cluster incident energy lies between the optimal value and the critical value, the sensitive of the interface width to variation in cluster size decreases as the cluster incident energy increases. Finally, in the third region, where the cluster incident energy exceeds the critical value, the produced film surface property appears to be independent of the cluster size.
C. Deposited morphology and cluster deposition characteristic comparison for cluster size effect
This subsection discusses the deposited film morphology under final state conditions within each of the three regions identified above. Figures 5͑a͒-5͑c͒ show the deposited film morphology at an incident energy of 0.1 eV/atom for different cluster sizes, i.e., 4, 28, and 68 atoms, respectively. Each figure also presents a height histogram in dimensionless units to the left of the morphology view. Figures 5͑a͒-5͑c͒ show the deposited film morphology within the first region identified previously, i.e., the cluster size dominated region, and observation of the three figures clearly confirms that the film morphology is indeed dependent upon the cluster size in this region. It is observed that there is a significant variation in surface roughness as the cluster size increases. From a kinetic energy viewpoint, the impact of the atoms deposited upon the substrate at this relatively low incident energy can be regarded to be relatively mild. Figure 6 presents the variation in shape of two atom clusters during the initial stages of the deposition process for an incident energy of 0.1 eV/atom. Figure 6͑a͒ shows a cluster of 44 atoms, while Fig. 6͑b͒ shows a cluster with 68 atoms. The incident energy of the deposited clusters is insufficient to cause an effective spreading of the atoms over the substrate surface, and this leads to the ready formation of island-like clusters on the substrate, and therefore poor film surface properties. It is a reasonable deduction that that formation of island-like clusters will be more apparent during the initial stages of the deposition process since at this time the deposited cluster lands on a flat substrate, rather than colliding with previously deposited atoms, as is the case in the later stages of deposition. This would explain why the rate of surface roughness increase is higher during the initial stages, i.e., as shown in the left side of Figs. 2͑a͒, 2͑b͒, and 3͑a͒. It is to be noted that this effect is especially significant for larger cluster sizes which impact with small incident energy. Figure 7 shows the best film surface property produced when using a cluster of four atoms. As indicated in the figure, this result is achieved when the cluster incident energy is 2 eV/atom. ͑Although the results are omitted from this article, simulations also identified the best film surface properties for clusters of other sizes.͒ This result shows the case where the incident energy of the cluster is located precisely upon the optimal energy curve. The increased incident energy of the atoms within the cluster improves the kinetic energy diffusivity of the deposited atoms, and this prevents the deposited atoms from forming the island-like clusters on the film surface which were identified at the lower incident energy.
Figures 8͑a͒-8͑c͒ show final deposited film morphologies in the region where the surface roughness is independent of the cluster size. The cluster size and incident energy are indicated below each figure. The total energy of the cluster, which is calculated by multiplying the energy per atom by the number of atoms within the cluster, is given in parenthesis. It will be noted that this value exceeds the critical cluster incident energy of 75 eV in all three cases. A comparison of the three figures shows little difference between the three deposited film morphologies. It can be observed that some substrate atoms appear on the upper surface of the deposited film. The displacement of these atoms, which are indicated by the darkest dots, is the result of the bombardment effect of the cluster impact. As has previously been noted in Sec. I of this article, the reason for the appearance of ͑Cu͒ substrate atoms on the substrate surface and for the embedded ͑Co͒ deposited atoms in the substrate is different than the reason for the burrowing of Co nanoparticles into a Cu or Ag sur- face reported in Refs. [15] [16] [17] . Although these later studies also refer to a burrowing phenomenon, in their case, the phenomenon is driven by a capillary force which acts over a long period of time, which could be as much as months in the case of room temperature, 15 rather than by the impact energy of the incident atoms, which is the case in the current study. Crater damage to the substrate surface is observed during the high incident energy deposition process. Figure 9 illustrates crater formation at two snapshots during the deposition process, and shows cluster atom separation from the substrate at an elapsed time of 305 ps. These two observations of Figs. 8 and 9 reveal that crater damage is the main characteristic of the deposition process when the total incident energy exceeds the critical incident energy value.
IV. CONCLUSION
This article has adopted MD simulation to investigate the effects of incident energy and cluster size on surface roughness for the ICBD deposition process. The many-body, tight-binding potential model was employed to simulate the atomic interaction between Co-Cu, Co-Co, and Cu-Cu, and the interface width was taken as a measure of the deposited film surface roughness property at both the transient state and at final state. This study has shown that the produced film surface property depends on both the cluster size and the incident energy per atom. In terms of the cluster effect, the results show that the quality of the deposited film property decreases as the cluster size increases for a specific incident energy. Additionally, it has been noted that cluster size also affects the roughening speed of the deposited film, i.e., the rate of interface width increase is significantly larger for larger clusters, especially during the initial deposition period, and for smaller incident energies. Considering the effect of incident energy on the film surface property, it has been determined that there exists an optimal value of incident energy which produces the best film surface for a specific cluster size.
Finally, it has been shown that the utilization of cluster incident energy as an independent variable is useful in discussing the relationship between interface width and cluster size. The current study has identified three distinct regions of interface width behavior for different cluster sizes, and the boundaries of these regions are determined by the value of the cluster incident energy. In the first region, which occurs when the cluster incident energy is less than the optimal incident energy, it has been observed that the cluster size has a significant influence on the produced film surface property. In the region where the total cluster incident energy lies between the optimal total incident and the critical total incident energy, the relationship between surface property and cluster size was found to be less pronounced. Finally, when the total incident exceeds the critical total incident energy, it has been noted that the produced film surface property has no obvious dependence on the cluster size. All these dependencies are strongly dependent on the dynamic behavior of the cluster and the substrate for different values of cluster incident energy. Confirmation of part of the current simulation results, i.e., in terms of its qualitative behavior, can be found in Ref. 31 , in which experimental results demonstrate that larger carbon clusters yield a rougher film surface, and that the cluster size strongly affects the velocity of film roughening.
